The performance of two electron paramagnetic resonance (EPR) spectrometers/imagers, one configured in pulsed mode and the other in continuous wave (CW) mode, at an operating frequency of 300 MHz is compared. Using the same resonator (except for altered Q-factors), identical samples and filling factors in the two techniques have been evaluated for their potentials and limitations for in vivo spectroscopic and imaging applications. The assessment is based on metrics such as sensitivity, spatial and temporal resolution, field of view, image artifacts, viable spin probes, and subjects of study. The spectrometer dead time limits the pulsed technique to samples with long phase memories (>275 ns). Nevertheless, for viable narrow-line spin probes, the pulsed technique offers better sensitivity and temporal resolution. The CW technique, on the other hand, does not restrict the choice at spin probes. In addition, the phase-sensitive narrow-band detection of the CW technique gives artifact-free images even for large objects. Selected examples illustrating the performance of the CW and pulsed techniques are presented to put the capabilities of the two techniques in perspective.
I. INTRODUCTION
In vivo electron paramagnetic resonance (EPR) spectroscopy and imaging studies have recently been carried out in small animals such as mice and rats to obtain information such as tissue redox-status and oxygenation and also to detect free radicals produced in pathological conditions (1) (2) (3) (4) (5) (6) . The sensitivity of EPR spectral properties (hyperfine splitting, linewidth) to physiological parameters such as pH, pO 2 , and viscosity makes EPR imaging a potential functional imaging technique (7 ) . EPR imaging systems for in vivo applications are designed to operate in the low-frequency region , where the dielectric loss is minimal (8) (9) (10) (11) (12) (13) (14) . Most of these efforts have been to develop CW mode techniques to obtain spatial images of spin probe distribution, because of the relatively large linewidths of the commonly used spin probes such as nitroxides or spin adducts. These techniques utilize the inherent advantages of phase-sensitive detection. However, imaging studies using CW techniques require spectral acquisition times in the range 500 ms-10 s (15) . Additionally, in CW EPR, artifacts associated with sweep rates, magnetic field modulation, power saturation, and physiological motions such as heart beat, peristalsis, and respiration can distort the spectra (16) .
Pulsed techniques can offer better temporal resolution as well as the Fellgett multichannel advantage for sensitivity enhancement, provided the phase memory of the spin probes is longer than the resonator dead time at the frequencies of operation. With the recently available spin probes exhibiting single narrow lines (17, 18) , time-domain EPR at radiofrequency (RF) has become a viable technique for in vivo applications (19) . Using these probes, the feasibility of 3D whole-body imaging of small animals by time-domain EPRI at 300 MHz has been demonstrated (20, 21) . A few other pulsed RF EPR imaging spectrometers with limited temporal resolution have also been reported (22) (23) (24) .
The time-domain EPR method requires the use of narrowline paramagnetic spin probes. But, as mentioned earlier, spin probes such as nitroxides possess larger linewidths. Hence to study nitroxide, nitric oxide, and other free radicals of biological interest, we have also recently developed a CW RF EPR spectrometer/imager (8) . In this communication, the technical specifications and performances of our pulsed and CW RF EPR spectrometers/imagers operating at 300 MHz are compared with the aim of identifying the areas of applications where one technique may be more suitable than the other. Comparison of pulsed EPR versus CW-EPR, especially at RF, becomes interesting because of the potential applications and experimental difficulties of each modality employed in detecting paramagnetic species.
II. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS

A. Pulsed Method
Spectrometer Dead Time
The performance of a pulsed EPR spectrometer mainly depends upon the spectrometer dead time, excitation bandwidth, and sensitivity (25, 26) . The dead time of the spectrometer is a critical parameter because it severely affects the choice of spin probes that could be studied by pulsed EPR. Although there are several factors that contribute to the dead time, for low-frequency operation the major source is the ring down-time constant of the resonator, which is given by
Here Q L is the loaded quality factor of the resonator. The dead time, which is inversely related to the carrier frequency ω, poses a serious problem for the successful detection of the time-domain EPR responses at RF. Therefore, unlike EPR at high frequencies, where time-domain responses from nitroxides have been collected using high-Q cavity resonators, detection of EPR signals from fast-relaxing spin probes might not be feasible at RF frequencies. Hence an optimal Q must be selected, based upon the spectral properties of the paramagnetic spin probe under investigation. The parallel coil resonators used in this study have been evaluated for their capability in time-domain EPR spectroscopy and imaging at radiofrequency. To implement the technique in small animal imaging, an optimal Q value of 25 has been selected (21) . A resonator Q of 25 leads to a time constant, τ r , of about 13 ns at 300 MHz. The dead time τ d can be evaluated from the equation
where d r is the corresponding damping parameter given by d r = −10 log[exp(−10 9 /τ r )] dB/ns [3] and P determines the level to which the power at the receiver input must decay before the receiver can start acquiring the weak free induction decay (FID). For a receiver with a dynamic range of 60 dB, P becomes about 80 dB, resulting in a dead time of about 240 ns. Any further attempt to reduce the dead time by decreasing the Q may compromise the sensitivity significantly. In pulsed EPR spectrometers, Q is generally reduced to the desired value by overcoupling, because for the same RF power, higher B 1 fields could be achieved by overcoupling (27 ) . However, in a strongly overcoupled mode, the observed dead time may be longer than the τ r -limited value because of reflection of the exciting radiation, even though the reflections at low frequencies are not as significant as those in high-frequency spectrometers.
Another factor contributing to the dead time is the recovery of the saturated components in the receive arm. For example, the FID is often seen to grow in the beginning, despite the fact that it should be an exponentially decaying function. This growth occurs during the recovery of the preamplifier. Besides limiting the sensitivity of the spectrometer, the dead time may lead to considerable distortion in the spectral features, if the resulting truncated FID is Fourier transformed without any phase correction (28, 29) . Several phase correction procedures are routinely used in NMR spectroscopy (30) . Frequency-dependent phase corrections are made to individual isolated peaks and then frequency-independent phase corrections may be made to bring all the peaks to the absorption mode. This process is iterated to obtain reasonable accuracy. But in imaging, there may not be any well-separated individual peak. For example, in a 1D projection the spins experience a local static field of B 0 + B(r ) in the gradient direction (31) . The acquisition of the FID is not possible until the dead time. But by that time the phase of the magnetization would be
[4]
Thus the magnetization components accumulate phase errors in proportion to their observed frequencies (31) . The missing time interval may be too large for proper data reconstruction at high offset frequencies. Hence the dead time problem becomes more significant in EPR imaging than in NMR imaging.
To avoid distortions associated with phase errors in the images, the absolute-value mode spectra of the projections can be computed by Fourier transformation of the experimentally collected FIDs. The linewidths of absolute mode spectra are larger than the widths of the absorption or power mode spectra, causing loss of image resolution. Apart from the reduction in resolution due to the employment of magnitude mode spectral lineshape, there are additional factors that are to be addressed in pulsed EPR imaging. The transverse relaxation (T * 2 ) is a function of the overall spread in frequency, in presence of the imaging gradients. For oblong objects the spread in frequency is a function of the gradient orientation and leads to differential dead-time loss. Thus when the gradient is along the longest axis of spin distribution, the increased frequency range may lead to considerable loss in the integrated intensity of the profile, compared to that obtained when the gradient is parallel to the shortest spin distribution dimension. This is further compounded by the Q-profile (the spectral response) of the resonator, which attenuates the spectral density at either extreme of the frequency bandwidth. Added to this is the sinc ((sin x)/x) profile of the power spectrum of the rectangular excitation pulse. These lead to distortions in the image quality for large gradients and in larger objects in the pulsed mode. However, by limiting the magnitude of the gradients and by suitable pulse shaping (using Gaussian or sinc pulses) one can largely eliminate most of these artifacts. Linear prediction methods may be used to correct the FID for the loss of data during the dead time (32, 33) . But such procedures may not be easy where one has to deal with continuous spread of frequencies as in EPR imaging. This problem cannot be completely avoided, but the various phase correction algorithms may alleviate it to some extent.
Sensitivity
The sensitivity of a pulsed EPR spectrometer is conveniently described in terms of SNR per unit time (more precisely per t 1/2 ). The SNR per t 1/2 of a signal-averaged free induction decay (FID) is given by (34-36)
, [5] where M is the number of samples in an FID, n is the number of FIDs averaged, K is the duty cycle of the receiver, τ d is the spectrometer dead time, and T * 2 is the spin-spin relaxation time of the spin probe. Here M 0 is the static magnetization of the sample and E is the sensitivity factor, given by
Here F N is the receiver noise figure, N is the spin count, V C is the volume of the resonator, µ 0 = 4π ×10 −7 H m −1 , and κ is the Boltzmann constant. Except for the noise factor, which depends upon the bandwidth, the other terms in [6] are common to both CW and pulsed techniques. The large value of the ratio (−τ d /T * 2 ) compared to NMR makes the loss in sensitivity due to the spectrometer dead time (Eq. [5] ) more critical in pulsed RF EPR. Therefore the data sampling and summing capabilities of the spectrometer become very critical for the enhancement of SNR.
Frequency Dependence of the Sensitivity
It is generally conceived that for pulsed spectroscopy at radio frequencies the Boltzman factor and the dead time may dominate to such an extent that it may become prohibitive to obtain any reasonable SNR. Hence it will be of interest to analyze the frequency dependence of sensitivity of pulsed RF EPR (37) . For constant RF field and excitation bandwidth the SNR may be given by
In the case of uniform excitation over full bandwidth, using the relation Q L ∝ ω/ ν Eq. [7] may be reduced to
Here N min is the minimum number of detectable spins and, using the relationship between the sample volume V S , the filling factor η, and the minimum detectable concentration, (N /V S ) min can be written as
The ω 2 dependence given Eqs. [8] and [9] is valid for situations where the noise is dominated by the preamplifier noise. But, for lossy in vivo samples, the sample noise will be a dominating figure. An elaborate discussion on frequency dependence of EPR signal intensities has been presented recently (38) .
Different strategies to optimize N min and (N /V S ) min at higher frequencies have been described (25) . Although the sensitivity per unit volume is high, the sample volume becomes limited as the frequency increases. On the other hand, sample size limitation is not a problem at lower frequencies. In fact, the main reason for the selection of RF is its potential for studying large objects. Hence, the possibility of using a large resonator and the high filling factor may compensate to some extent for the frequencydependent loss in SNR (37) . Additionally, the SNR degradation by noise is also relatively small at lower frequencies. Thus it is possible to get reasonable sensitivity at lower frequencies by designing suitable large resonators with very high filling factors. But this will depend upon the power available to excite the entire spectrum. Although this could be achieved for the spectroscopy of narrow-line spin probes, it becomes a formidable challenge when imaging of large samples is attempted.
Spectral Excitation Bandwidth
In an FT experiment, following an RF pulse, ideally the magnetization due to all portions of the spectrum must be rotated by an equal angle given by
[10]
However, this depends upon the available RF power and the spectral bandwidth. If f is the possible spectral range then
In single pulse experiments, a 90
• pulse is applied to achieve the maximum sensitivity and the pulse width should satisfy the condition (39)
Even for single, narrow-line spin probes, this may pose a problem when imaging of a large object or under a very high gradient is attempted. It has been shown that when the excitation bandwidth ν (given by γ B 1 ) is not comparable to the spectral bandwidth f , destructive interference between contributions of spins with similar resonance offsets can suppress the signal intensity (29) . The phase dispersion of the magnetization that is excited off resonance becomes very significant, resulting in substantial sensitivity loss when the spectral bandwidth exceeds the excitation bandwidth by a factor of 5 or more. However, one can attempt to enhance the excitation bandwidth by increasing the RF power. The RF power available at the resonator, P 0 (in W), is given by
where ω is the resonance frequency (radian s −1 ), B C is the maximum amplitude of the circularly polarized component of the RF field (in tesla), and V C is the resonator volume. Taking into consideration that the half-power full bandwidth of the resonator is given by ω/Q L , the P 0 dependence on the excitation bandwidth can be seen to be
This cubic dependence of the required power on the excitation bandwidth can limit the size of the object to be imaged. The high cost of class A, high power amplifiers, the experimental difficulties associated with isolating and protecting the receiver, and the preamp recovery due to the overload from high power excitation pulses set an upper limit on the spectrometer power. These difficulties may to some extent be minimized if a very efficient resonator is designed. The resonator efficiency parameter is defined by
where B 1 is the maximum available RF magnetic field for a given incident RF power. A high reduces the energy required per pulse, thereby lessening the technical difficulties associated with the isolation of the high transmit pulse from the receiver. For example, a 10-fold increase in would require 20 dB less RF power to achieve the same B 1 field at the sample (40) . This in turn would realize an effective 20-dB increase in the transmitreceive isolation. Therefore, high-and low-Q resonators will be the ideal choice for pulsed RF EPR studies.
B. CW Method
In a slow passage experiment, the time dependence of the absorption signal is given by
Here S is the saturation factor, S = (γ e B 1 ) 2 T 1 T 2 , and r is the sweep rate in Hz/s. In the absence of saturation, the maximum sensitivity of a CW experiment with matched filtering, expressed in signal-to-noise ratio per unit time, is given by
It is interesting to note that the achievable signal intensity is independent of T 2 when the experiment is done under nonsaturating conditions. Hence the CW method is well suited when the free radical to be studied has a large linewidth. But, for narrowline spin probes, caution should be exercised in selecting the RF power.
The selection of the modulation amplitude, B m , depends upon how much sensitivity can be sacrificed to get distortion-free spectral information (16) . The modulation amplitude should be also small enough so that the resulting spectrum will be a faithful reproduction of the absorption lineshape. Although increasing the B m can increase the peak-to-peak height of the CW signal, in imaging experiments distortion-free spectra are essential to get a faithful reproduction of the projections to arrive at accurate spatial as well as spectral parameters. When resolution and true lineshape are of prime concern, it is suggested that B m < 0.2 B pp (16) . Sensitivity optimization of CW EPR was carried out with imaging as the primary goal. The optimal value for modulation amplitude was selected in such a way that there is no spectral distortion. By varying the B m it was found that maximum sensitivity, without any distortion in lineshape, could be achieved at B m ∼ 0.3 B pp . The limiting value of B m becomes critical for narrow-line spin probes such as the triarylmethyl (TAM) radical (18) . Therefore for narrow-line spin probes the pulsed method, which is free of any such constraint, is expected to give better sensitivity. However, line broadening caused by larger modulation amplitude may be modeled (41) and in such cases the sensitivity may be improved by an additional factor of 3.
In principle, it is possible to increase the peak-to-peak height of the EPR signal by increasing the filter time constant (i.e., decreasing the bandwidth) of the lock-in amplifier. But this in turn will require a long scan time, leading to a long image acquisition time, which will eventually be determined by the spin probe clearance rate and the required temporal resolution. When quantitative information is required, a time constant which is less than 1/10th of the time required to scan through the B pp field would result in distortion-free spectra. Under a gradient of 1 G/cm, for a full view of a 25 × 25 mm resonator, the scan width becomes 2.5 G. Hence a time constant of 0.03 s for a scan time of 2 s is close to the optimal value for the narrow-line spin probes.
III. EXPERIMENTAL
Pulsed EPR Spectrometer
The instrumentation of the 300-MHz pulsed EPR spectrometer and the details of the data acquisition system and resonators are described in earlier reports (19, 21) . Since these earlier reports, the following modifications have been carried out to further enhance the capabilities of the pulsed RF EPR spectrometer. The local oscillator frequency was changed from 350 to 320 MHz, so that the center of the intermediate frequency is at 20 MHz, instead of 50 MHz. The diplexor was redesigned to further reduce the insertion loss and switching times and the
to these changes. Additionally, a shielded enclosure was provided to the magnet/gradient assembly to minimize the RF noise from the environment. DC feed-through was a problem faced in the earlier configuration of the spectrometer. Even though the transmit RF is gated for the required pulse width, the 300-MHz carrier signal is persistent at all the time in the system. To eliminate this, one of the input signals was pregated. In our spectrometer, the main RF source is an 800-MHz crystal oscillator. From this master oscillator, frequency dividers generate a set of frequencies, namely 400, 200, 100, 50, 20, and 10 MHz. These frequencies were combined suitably to generate 500 and 320 MHz. All these frequencies maintain a definite phase relationship to the 800 MHz source. The 300 MHz was synthesized by mixing 800 and 500 MHz. The 500 MHz was pregated before mixing. The pregate pulse width was adjusted, taking into account the rise time of the 300-MHz filter. The gating time was adjusted so that the 300 MHz was available only for about 20 to 50 ns longer than the transmit pulse width. Hence until the receiver recovers, there will be no 300 MHz present anywhere in the system. In this manner the feedthrough was completely eliminated.
CW EPR Spectrometer
The design and construction of the CW 300-MHz EPR spectrometer were published recently (8) and the CW EPR measurements reported in the present study are made without any further change in the CW EPR spectrometer. Table 1 summarizes the important specifications of the two spectrometers. 
Resonators
A home-built parallel coil resonator (25 × 25 mm) was used for spectral measurements and imaging. Parallel coil resonators have been evaluated for their applications in pulsed RF EPR imaging (21) . The Q of the resonator was adjusted to about 25 by a combination of both over-coupling and resistive damping for pulsed EPR studies to achieve optimal B 1 as well as minimal reflected power. For an input power of 64 dBm, the reflected power was measured to be about 3 dBm and the dead time of the spectrometer was 275 ns.
Spin Probes
The spin probes used for the pulsed EPR study are based on the triarylmethyl (TAM) skeleton; they are nontoxic, and watersoluble. Two analogs of TAM, abbreviated as Oxo31 and Oxo63, obtained from Nycomed Innovations, Malmo, Sweden, were used in this study. The structural details of these agents and their EPR properties are described elsewhere (18) . Recently these spin probes have been evaluated as contrast agents for dynamic in vivo oxymetry using Overhauser enhanced MR imaging (17) .
The EPRI experiments involving animals were performed in accordance with the guide for the care and use of laboratory animals prepared by the institute of laboratory animal resources, National Research Council. The details of animals and animalhandling protocols are described elsewhere (20) . The imaging experiments were carried out per the procedure reported earlier (19, 20) . The 2D images were obtained using filtered backprojection reconstruction techniques. Figure 1 shows the spectra of three different free radicals measured at the limiting concentration with respect to sensitivity in detection. In order to compare the pulsed and CW methods one has to consider sensitivity per unit time. Hence the total measurement time was kept constant for all these measurements. With the rapid scan capability of the CW spectrometer, a sweep rate of 5 G/s could be implemented. Nevertheless to keep the spectral distortion at a minimum, we have used a scan time of 2 s for all these CW experiments. Consequently for the sake of comparison in the case of pulsed measurements, coherent averages were done for 2 s and the averaged FIDs were Fourier transformed to get the absorption mode spectra shown in Fig. 1 . The spectra were recorded with 8 ml of the spin probe solution (65% filling factor). The SNR values obtained from the spectra of the two spin probes at various concentrations are plotted in Fig. 2 . For an SNR of 1, the minimum detectable concentrations (N /V S ) have been computed and these values are given in Table 2A .
IV. PERFORMANCE EVALUATION
Spectroscopy
The expected ratio of sensitivity of the CW experiment to the pulsed experiment is given by (26, 35) 
0
Here δ f is the full linewidth at half-height of the resonance. The ratio, f /δ f , gives the number of spectral elements present in a spectrum. For single-line spectra, this ratio is not a significant factor and hence the sensitivity advantage will depend mainly upon the speed of the data acquisition system. The spin-lattice relaxation times of the TAM radicals, T 1 , are in the range of about 500 ns. With T 1 = 500 ns and t rep = 5 µs, the pulsed method is expected to show a sensitivity advantage by a factor of about 6, which compares reasonably well with the experimentally observed factor of about 4 (Table 2A) . This observation of a sensitivity advantage of the pulsed technique is not surprising because uniform excitation of the entire spectrum is feasible for narrow line compounds. Also, the long relaxation time limits the loss in sensitivity arising due to the finite dead time of the spectrometer.
Imaging
The sensitivity advantage of the pulsed technique should be particularly pronounced for spectra with narrow resonance lines covering a wide spectral bandwidth. In an imaging experiment using a single 90
• pulse, if all the spins can be excited simultaneously (satisfying Eq. [12] ), then improvement in sensitivity per unit time on the order of √ ( f /δ f ) could be achieved by the Fellgett advantage. In a typical experiment using a gradient of 1.0 G/cm, the f becomes 2.5 G for the (2.5 × 2.5)-cm parallel coil resonator. For trityl radicals, the improvement in sensitivity will be ∼ √ (2.5/0.2) = 3.5. However, imaging of a large object poses many problems as discussed earlier. The gradient-induced line-broadening limits the SNR of the projections in the pulsed method, because of the loss in the exponentially decaying FID, which in turn will limit the size of the object. With current technical specifications we have optimized the resonator size to be 25 × 25 mm and the gradient to be 0.5 G/cm. To assess the two techniques for their imaging capability, both phantom and animal imaging experiments were designed (Table 2B) . Three holes (4-mm diameter) drilled in the Lucite cylinder were filled with 250 µl of the spin probe Oxo63 in different concentrations for phantom experiments. Figure 3 summarizes the results of phantom imaging.
Image Uniformity
Uniformity of an image is achieved from the variation of the image signal intensity over the region of interest (ROI) of an object of uniform spin density. Some factors that can affect the image uniformity are inhomogeneities in the Zeeman field, nonlinearity in gradients, nonuniform RF flux, and response of the receiver system. The magnet system and the gradient assembly used are the same for both the pulsed and CW spectrometers. Therefore, the difference in image quality in the pulsed technique, if any, may originate mainly from the nonuniform RF flux and the receiver response. Figures 3B and 3C show the transverse 2D spatial images of the phantom obtained by the CW and pulsed methods, respectively. The CW technique shows fairly good image uniformity. On the other hand the pulsed technique shows some distortion that may be attributed to several factors. An FOV of 25 mm under a gradient of 0.5 G/cm corresponds to a f of 3.5 MHz. According to Eq. [12] , this translates into a t p (90
• ) of about 70 ns. However, with the current configuration of our pulsed system, t p (90
• ) is about 90 ns. Hence, as discussed earlier, incomplete excitation may lead to spectral distortions. Pulse shaping, resonators of high efficiency parameter, , and high transmit power may help to solve this problem. Second, the Q-factor of the resonator causes the RF power profile to droop at either extreme of the spectral window. This in turn will cause a reduction in the intensity of spectral features as a function of offset frequency. The narrow-band detection scheme of the CW EPR technique alleviates this problem. Third, the T * 2 of the FIDs will depend on the spectral range. Thus for orientation of the gradient vector along the axis of a cylindrical distribution of spins, the T * 2 will be shorter than for the perpendicular direction. This will lead to a differential loss in integrated intensity among the various projections, causing artifacts in the back-projected image (20) .
Additionally, this phantom imaging also brings out the dynamic range of spin probe detection by the two techniques. Figures 3B and 3C show that CW EPRI could easily discern regions having 10 times lower spin content in the field of view; in FT EPRI has limited dynamic range discrimination. This may pose problems if the spin probe localizes selectively in a particular organ (such as the bladder) while whole-body imaging is performed.
Spatial Resolution
This is one of the most important parameters of an imaging system, because it characterizes the capacity of the system to make fine details visible. In a digital image, the resolution is pixel-
In vivo pulsed EPR imaging reported in this study is done using a parallel coil resonator of size 25 × 25 mm and a gradient of 0.5 G/cm, corresponding to a spectral width of 1.25 G. The 2D image given in Fig. 5 is of dimension 64 × 64, corresponding to a pixel-limited resolution of 0.4 mm. However, the linewidthlimited resolution, z, is given by
Here G Z is the gradient applied along the direction of the samples and B is the linewidth of the spin probe. The linewidths of the various spin probes used in the present study are listed in Table 2A . One can use a larger gradient for better resolution, but the gradient-induced line broadening will compromise the SNR because of the spectrometer dead time in FT EPRI. In contrast, for the CW method there is no detection problem even for very large gradients. Therefore, the CW method has the potential for better resolution, although microwave power saturation and modulation broadening may pose problems when narrow-line spin probes are used. The gradient amplitude used in the present study was limited mainly because of the problems associated with the pulse technique rather than the CW method. Hence an optimal gradient of 0.5 G/cm was selected for the pulsed EPR studies, although the gradient assembly of the imager can provide a maximum gradient of 5 G/cm. The resolution expected from a pulsed EPR image can be estimated by
, [21] where T * 2 is the spin-spin relaxation time under the influence of the gradient. The optimal acquisition time of each FID is related to T * 2 and may be approximated by
[22]
Under the present acquisition conditions, the resolution for a gradient of 0.5 G/cm is estimated to be about 1.8 mm. The results of phantom imaging indicate an approximate resolution of 2 mm, in accordance with this expectation.
Yet another factor that severely limits the spatial resolution is the sensitivity of the spectrometer/imager. It is essential that the pixel contain enough spins to be detectable by the spectrometer. Hence based on this N min value, one has to select an optimal concentration of the spin probe. For a 3D image with resolution x, the sensitivity-limited resolution is given by
where ρ is the mean spin density. It may appear that the resolution can be improved by increasing the concentration of the spin probe. But for in vivo imaging, both line broadening due to spin-spin interaction and toxicity of the spin probe will limit the dose of the spin probe. For the TAM spin probes, toxicity studies in small animals (rats and mice) show the safe dose to be about 1.8 g per kg of body weight (∼2.5 mM/kg) (17), leading to a ρ value of 6.02 × 10 17 spins/cc. Hence for small-animal imaging using TAM spin probes, the sensitivity-limited resolution of the pulsed RF EPR imager is 2.6 mm.
Temporal Resolution
For reliable interpretation of the EPR image data, the exogeneously administered spin probe must be stable in vivo until the imaging protocol is completed. In addition to spatial information of free radical distribution, physiological information such as oxygen concentration can also be obtained from EPRI. Reduced data acquisition time enables examination of temporal changes both in the spin probe and in the oxygen distribution at the rate comparable to the clearance of the spin probe. EPRI can also be used to study kinetics of metabolic changes of the exogenous spin probe such as nitroxides in vivo (42) . The speed of the image data acquisition system is very crucial for the success of these studies. In our pulsed system, a 2D data set consisting of 18 projections (each of 4K samples and 50,000 averages) can be acquired, using the current configuration of the imager, within about 20 s. Similarly, a 3D data set of 81 projections can be collected within 90 s. The corresponding times for the CW imaging are 54 s and 4 min, respectively. Figure 4 shows a sequence of 2D CW EPR images of Oxo-63 distribution in an anesthetized mouse after intravenous administration. The mouse was positioned (A) in the resonator in such a manner that the thoracic, abdominal, and pelvic regions were in the FOV. Projections corresponding to 2D images were collected at 2.8, 9.0, 13.0, and 16.9 min (B, C, D, E, respectively) after spin probe administration using a gradient of 1.0 G/cm. The image at the first time point was interpreted as spin probe localization predominantly in the two kidneys with some intensity in other organs in the abdominal region such as the liver and spleen. Subsequent images suggest a progressive redistribution of the spin probe from the circulation to the bladder as evidenced by the increasing image intensity from the bladder. However, contours corresponding to the two kidneys could be seen even in the presence of an intense signal from the bladder. The physical dimensions of the organs obtained from the EPR images were in good agreement with the actual dimensions. Figure 4F shows a graph of the decrease in the average spin count from the kidneys and the increase in the spin count in the bladder as a function of time. Figure 5 shows 2D images of the spin probe Oxo63 distribution obtained by FT EPRI after intravenous administration in a of the spin probe was seen in the kidneys. Subsequent images show a progressive decrease in intensity of the spin probe in the kidneys with a corresponding increase in the bladder. However, unlike the case of CW EPR images (Fig. 4) , the image intensity from the bladder overwhelmed the intensity from the kidney and other regions, because of dynamic range problems mentioned earlier.
In Vivo Imaging
V. DISCUSSION
Development of EPR instrumentation for biological applications has continued to be a challenging task (3, 6, 40, 43, 44) . Although a commercial L-band imaging system has now become available (45) , specialized instrumentation is still required for many applications. We have shown that both pulsed and CW RF spectrometers could be constructed with many commercially available modules (8, 46) . In this communication, a comparison of these two spectrometers is presented, pointing out their potential and limitations, so that application scientists can make a choice of the technique based on need. The performance evaluation reported is based only on the existing configuration of the spectrometers. Additional improvements to the existing system are possible and these are outlined below.
In its current configuration, the CW spectrometer operates only with an automatic frequency control. Although reasonable sensitivity and minimal motion artifacts are realized, implementation of automatic coupling control will improve the quality of projections by compensating for changes in the resonator impedance induced by animal motion. Similarly, implementation of automatic phase control (APC) can enhance the SNR, because the phase error can have a marked effect on the noise level (13) . Hence APC can particularly improve the consistency of the projections of large size objects in lengthy 3D data acquisition schemes. Also the temporal resolution can be improved by the addition of the rapid scan facility (47) .
The rectangular pulses employed in our study have a (sin x)/x power profile. Therefore, while the spectral coverage at the center is flat, the amplitude falls off rapidly at either end. This leads to intensity attenuation in the image profiles, especially in large objects and/or at large gradients. In MRI, a fairly accurate slice selection is carried out using a (sin x)/x pulse with 1-2 side lobes. While a slice selection strategy may not be feasible in FT EPR, use of a shaped pulse for the RF excitation can improve the quality of the pulsed EPR images. Also in the pure phase encoding imaging modality such as constant time imaging may improve the quality of the pulsed EPR images significantly (48) . Our initial experiments in this direction have provided very promising results.
The potential of EPRI for functional imaging has been recognized (49) . EPR can provide useful pathophysiological and biophysical information because of the capabilities of ESR spectra to reflect the environmental conditions. For example, it is possible to study the tissue metabolic redox state (50) , to monitor pO 2 in normal and tumor tissues (43) and to measure tissue pH and viscosity (7) . Also, short-lived radical species can be detected indirectly by in vivo spin trapping (51) . However, the linewidths of nitroxides and the spin adducts of biological interest preclude their detection by the pulsed technique. Hence the CW technique has an edge over the pulsed technique for the study of these large-linewidth systems. Nevertheless, the recent development of narrow-line spin probes for functional imaging (18) and the potential of the pulsed technique to provide better sensitivity and temporal resolution for such narrow-line spin probes hold attraction for the development of low-frequency pulsed EPR instrumentation. The possibility of coregistering anatomic images (MRI) with functional images (EPRI) (52) (53) (54) ) is likely to add extra impetus to research in this field.
